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Symbols. Abbreviations and Acronyms

ACRV
ACS

AFE

A&I

Al
ALARA
ALS
ALSPE
am

AR
ARGPER
ARS
an-g

asc

ASE

AU

BIT
BITE
BLAP
BFO

C

CAB
CAD/CAM
CAP

G
CELSS
CHC
CG

CL

[ oo}

c/m
M

c/o
CofF

conj
COSPAR

Co2
Crvo
C3

d
DDT&E
DE

deg
desc
DMS
dv

Advanced crew recovery vehicle
Awmtmde control system

Aecrobrake Flight Experiment
Anachment and integration
Aluminum

As low as reasonably achievable
Advanced Launch System
Anomalousiy large solar proton event
Atomic mass (unit)

Area ratio

Argument of perigee

Atmospheric revitlization system
Artificial gravity

Ascemt

Advanced space engine
Astronomical Unit (=149.6 million km)

Built-in test

Built-in test equipment

Boundary Layer Analysis Program
Blood-forming organs

Degrees Celsius
Cryogenic/aerobrake

Compter-aided design/computer-aided manufacturing
Cryogenic all-propulsive

Drag coefficient

Closed Environmental Life Support S ystem
Crew health care

Center of gravity

Lift coefficient

Centimeter = 0.01 meter

Crew module

Center of mass

Check out

Cost of facilities

Conjuncton

Committes on Space Research of the International Council of Scientfic

Unions
Carbon dioxide
Cryogenic
Hyperbolic excess velocity squared (in km2/s2)

days

Design, development, testing, and evaluation
Dose equivalent

Degrees

Descent

Data management system

Velocity change (AV)
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Earth arrival

Earth arrival

Modulus of elasticity in compression
Earth crew capuure vehicle

Element control work station
Environment control and life support system
Electric propulsion

European Space Agency

Engine start oppormuniry

External Tank

Earth-to-orbit

Extra-vehicular activity

Circulation efficiency factor

Fire Detection and Differendaton

Life support weight factor

Specific floor count factor

Specific floor area factor

Aerobrake integration factor

Specific length factor

Normalized spatial unit count factor

Path options factor

Useful perimeter factor

Parts count factor

Proximity convenience factor

Plan aspect rado factor

Section aspect ratio factor

Flight support equipment

Vault factor

Safe-haven split factor

Spatial unit number factor

Volume range factor

Fiscal Year 1988 (=October 1, 1987 to September 30, 1988. Similariy for
other years)

Acceleration in Earth gravites (=acceleration/9.80665m/s?)
Gas core nuclear rocket

Galactic cosmic rays

Geosynchronous Earth Orbit

Gaseous nitrogen

Guidance, navigation, and control

Global Positoning System

Gray (SI unit of absorbed radiation energy = 104 erg/gm)

Habitation

High Density

Human Exploration Inidative (obsolete for SEI)
Heavy lift launch vehicle

Hours

Hygeine water

High atomic number and energy partcle
Hydrogen

Water
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ICRP

MASE

M/CpA
MCRV

Me
MEQP
MeV

Internarional Commission on Radiation Protection
Inidal mass in low Earth orbit

Inches

Inbound

Implementation Plan and Element Description
Independant research and development

Specific impulse (=thrust/mass flow rate)

In-situ resource utlizaton

Japan Experiment Module (of SSF)
Johnson Space Center

kib

Thousand electron voit

Kilograms

Kilopounds (thousands of pounds. Conversion to SI units=4448 N/kIb)
Kilopound force

Kilometers

Kilometers

Kilometers per second

Kilometers per second

Kilopounds per square inch

Lift-to-drag ratio

Low density

Long duration mission

Low Earth orbit

Linear energy transfer

Lunar excursion vehicle

Lunar excursion vehicle crew module

Space Exploradon Initarive project office, Johnson Space Center

Liquid hydrogen

Lithium hydroxide

Low Lunar orbit

Lunar Module

Lunar orbit rendezvous

Liquid oxygen

Lunar surface

Lunar transfer vehicle

Lunar mansfer vehicle crew moduie

Lagrange point 2. A point behind the Moon as seen from the Earth which
has the same orbital period as the moon.

Meters

Western Union interplanetary telegram]

Martan pornography]

Mission analysis and systems cngmccnng (same as Level II q.v.)
Mars ascent vehicle

Ballistic coefficient (mass / drag coefﬁc1cnt tmes area)

Modified crew recovery vehicle

Mass of electon

Maximum expected operating pressure

Million electron volt
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m/sec

NASA
NCRP

NERVA
NSO

N204

OSE
OTIS
outb

PBR
Pc

PEGA
P/L

pot w
PPU
prop
psi
PV

RCS

Mars excursion vehicie
Muld-layer insulaton
Millimeter (=0.001 meter)
Monomethylhydrazine

Manned Mars vehicle

Mars orbit capture

Mars orbit insertion

Module

Materials and processes

Main propuision system
Mixmure ratio

Meters per second

Marshall Space Flight Center
Million pounds per square inch
Metric tons (thousands of kilograms)
Metric tons

Mean time between failures
Mars mansfer vehicle
Megawarts electric

Cubic Meters

Newton. Kilogram-meters per second squared
Not applicable

Natonal Aeronautics and Space Administration
Nartonal Council on Radiation Protection
Nuclear-electric propulsion

Nuclear engine for rocket vehicle application
Nuclear safe orbit

Nuclear thermal rocket

Nirogen tetroxide

Orbital support equipment

Optmal Trajectories by Implicit Simulation program
Outbound

Oxygen

Particle bed reactor

Chamber pressure
Polyether-ether ketone

Powered Earth gravity assist
Payioad

Personnel orbital transfer vehicle
Potable water

Power processing unit
Propellant

Pounds per square inch
Photovoltaic

Heat flux (Joules per square centimeter)
Radiaton quality factor

Right ascension of ascending node
Reacton controi system

D615-10026-2
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Tc
TCS
TEI
TEIS
t.f.
THC
™I
TMIS
TPS
TT&C
W

UN-W/25Re

VAB
VCS
Vinf

WBe2C/BaC

WMS
W/O
WP-01
w/sq cm

Reynoids number

Radio frequency

Resupply mass in low Earth orbit
Revolutions per minute

Relative wind angile

Research and Development
Rendezvous and dock

South Atlantic Anomaly

Science Applications International Corporation

Space Exploration Initatve

Solar-electric propuision

International system of units (metric system)

Silicon carbide

Semimajor axis

Solar day (24.6 hours for Mars)

Soalr proton events

Solid Rocket Booster

Space Station Freedom

Space Shunie Main Engine

gpacc Transfer Concepts and Analysis for Exploration Missions
tage

Surface

Sieviert (SI unit of dose equivalent = Gy x Q)

Distance along aerobrake surface forward of the stagnation point

Disance along aerobrake surface aft of the stagnation point

Distance along aerobrake surface starboard of the stagnation point

Metric tons (1000kg)

To be determined

Chamber temperature

Thermal control system
Trans-Earth injection
Trans-Earth injection stage
Tank weight factor

Temperamre and humidity conwol
Trans-Mars injection
Trans-Mars injection stage
Thermal protection system
Tracking, telemetry, and control
Thrust to weight rato

Uranium nitride - Tungsten/25% Rhenium reactor fuel

Vehicle Assembly Building
Vapor coolled shield
Velocity at infinity

Tungsten beryllium cabide/Boron cabide composite
Waste management system

Without

Work package 1 (of SSF)

Watts per square centimeter (should be Wem-2)
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zZ Atomic number

zero g An unaccelerated frame of reference, free-fall

[order: numbers followed by greek letters]

100K <100,000 particles per cubic meter larger than 0.5 micron in diameter
n7 Where n=(0,2-6): Boeing Company jet transport model numbers

% Kelvin (K)

+e Positdve charge equal to charge on electron

< Charge on electron

AV Change in velocity

s Standard deviation

Hg Microgravity
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EVOLUTION OF THE CRYOGENIC PROPULSION VEHICLES

TECHNICAL ARCHITECTURE PRESUMED LEVEL I REQUIREMENTS -
During the course of the STCAEM study, and partcularly during the 90 Day Study, many SEI
(then HEJ) transportation requirements were generated by Office of Exploration Level II. These
are reported as appropriate and necessary in various sections of this report, as well as in the
STCAEM Implementation Plan & Element Description Document technical volumes. Here, space
only permits a summary discussion of the LevelI requirements adopted by STCAEM as they
evolved during the course of the study. The concepts developed and analyzed ultimately were t0
accommodate the in-space transportation functions required to support the buildup of a permanent
presence on the Moon and initial human exploration of Mars. Thus, our Level I requirement was
simply to deliver cargo reliably to the surfaces of the Moon and Mars, and to get
people to those places and back safely. Vehicles in support of missions to other
destinations are not part of SEI per se, and were not addressed by STCAEM. Planet surface
system characteristics and Earth-to-orbit (ETO) launch vehicle characteristics were adopted as
needed for manifesting purposes, largely intact from other sources. No design work was
performed for these two categories. In addition, the mission planning horizon was limited to the
year 2025, about 35 years from now.

The chief Level II requirement governing the dimensions of the vehicle concepts we
developed came to us during the 90 Day Study, and was a crew size of 4 for Mars missions.
Subsequently, STCAEM performed a simple skill mix analysis or these long-duration missions.
Our result was that doubling up on critical skills (for redundancy), given reasonable expectations
of how many skills each crew member could become expert in, requires in fact a minimum of 6-

7 crew members for Mars missions. For the sake of consistency, our vehicle concepts are
shown comparable to the 90 Day Study results, sized for four crew. Impacts accruing from
larger crew sizes are discussed in the Major Trades IP&ED book.

CONCEPT DEVELOPMENT METHODOLOGY - A vehicle concept emerges gradually
through the iterative combination of requirements analysis, subsystems analysis, mass synthesis,
performance analysis and configuration design. Because of the cascading, cause-and-effect nature
of specific technical decisions in this cyclic process, the ability for a particular concept to remain
fully parametric is incrementally lost, sacrificed for depth of detaili;xg. The need to penetrate
deeply even at the conceptual stage is twofold: (1) to uncover subtle integration interactions
whose ramifications fundamentally revise the concept as they reflect back up the information

PREGEDING PAGE BLANK NOT FILMED
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hierarchy; and (2) to enable the production of graphical images of the concepts capable of being
communicated widely but grounded firmly in engineering detail. If circumstances allow the
concept development process to engage many cycles of reflexive adjustment, from requirements all
the way down through subsystem detailing, the design oscillations subside eventually and the
product that emerges is a robust and defensible concept. Basic differences in problems posed and
solutions engineered lead concept developments in different directions. "Like" problems and
solutions gravitate together; their recombination and resolution results in distinct, identifiable
vehicle concepts which constitute vehicle archerypes. A concept is archetypal if it spawns concept
progeny whose ancestry is clear, and if in so doing its salient features recognizably survive
subsequent refinement, development and scaling. The ultimate purpose of the STCAEM Concepts
and Evolution tasks was to generate, analyze, evaluate and describe such vehicle archetypes, and
the role they could play in human space exploration missions.

The STCAEM architecture analysis identified seven major classes of transportation
architecture for SEI lunar and Mars missions. Some are derived from different propulsion
technology candidates; some are derived from distinct mission philosophies independent of
propulsion method; most have many sub-options. Vehicle archetypes are keyed more closely to
propulsion method than to mission mode, however, so we found that all seven SEI transportation
architectures can be accomplished by derivative combinations of just five archetypal Mars transfer
vehicle (MTV) concepts, two archetypal Mars excursion vehicle (MEV) concepts, and one
archetypal lunar transportation family (LTF) concept. The concept evolution of these archetypes is
outlined in Section x.2.

DESIGN AND NECKDOWN CRITERIA - STCAEM concept development was punctuated
by four "neckdowns”, which winnowed down the option candidates generated at each successive
level of detail throughout the study. The four neckdowns were intended to result in: (1) feasible
options, based on promising propulsion technologies capable of performing SEI-class missions;
(2) preferred options, representing the handful of candidates whose performance and
technological readiness were judged to warrant detailed study; (3) integrated concepts, vehicle
archetypes developed sufficiently to uncover their major integration concerns and architectural
context ; and (4) detailed concepts, based on the reconciled integration of traded subsystems.
The 90 Day Study occurred such that the first two neckdowns were effectively reversed,
cryogenically propelled, aerobraking icchnology was necessarily preferred at that time, due to
depth of understanding. However, STCAEM later rounded out the picture by completing all four
neckdown activities, in an ongoing manner throughout the study.

D615-10026-2



Studying the program architecture implications of various technology options for SEI
missions led to the conclusion that the most generally accessible discriminators, cost and risk, are
driven by more subtle technical discriminators than, for instance, initial mass in low Earth orbit
(IMLEO). These can be grouped into three broad _categorics: feasibility, flexibility, and mulri-use
design. As indicated above, feasibility was the first filter for all concepts considered by STCAEM.
Flexibility has three components: (1) robusiness, which is the ability to perform nominally
despite variable or unanticipated conditions; (2) resiliency, which is the ability to recover from
accidental delays or mishaps; and (3) evolution, which is an adaptation over time to changing
requirements. Flexibility is thus a measure of a program’s technical strength and safety in the face
of variable extrinsic factors. Multi-use design has two components: (1) re-usability, which
means using the same hardware item more than once; and (2) commonality, which means using
the same hardware design in more than one setting. Multi-use design is thus a measure of a
program's cost-effectiveness and intrinsic longevity. These two key architecture drivers were
paramount in interpreting the results of STCAEM's technical trade studies, and figured
prominently in the development of element concepts.

MARS TRANSPORTATION - Four Mars transfer propulsion candidates survived all
STCAEM neckdowns: cryogenic chemical, nuclear thermal, nuclear electric, and solar electric.
Analysis of acrobraking resulted in two performance ranges of interest for Mars entry (hypersonic
L/D =0.5,and L/D = 1.0), as well as the use of high-energy aerobraking (HEAB) for capture at
Mars. Consequently, the five archetypal MTV concepts are based respectively on:
cryogenic/aerobraking (CAB), cryogenic all-propulsive (CAP), nuclear thermal rocket (NTR),
nuclear electric (NEP), and solar electric (SEP) propulsion technologies. The two archetypal MEV
concepts are based on the "low" and "high" L/D performance ranges analyzed.

Crvogenic/Acrobraked Mars Transfer Vehicle (CAB) - NASA selected cryogenic chemical

propulsion, augmented by aerobraking for capture and landing at Mars, as the opposition-profile
baseline for the 90 Day Study. The archetype which first resolved the dominant configuration
complications for CAB Mars missions already existed (Boeing, 89). With this foundation the 90
Day Study was able to progress rapidly into performance, subsystem, operations and
programmatics analyses. The 90 Day Study exercise in turn enabled refinement and validation of
the CAB archetype. The major drivers for the CAB archetype are:

D615-10026-2
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D) High-thrust chemical propulsion: engine-out design to accommodate shifting vehicle mass
center as the mission progresses, given the fact of engine clustering and limited gimbal angle;
propulsion system geometry for in-flight testing before critical mission maneuvers; and avoidance
when possible of aerobrake penetrations.

2) High-energy aerobraking: current understanding of aftbody wake closure geometry, and
aerodynamic simulation-based constraints on mass center location; mutual independence of MEV
and MTYV during final approach to Mars space, since each is captured separately; packaging of the
entire MTV system in as small a caprure acrobrake as possible; potential requirement for MTV
brake retenton and re-use for Earth capture upon return.

3) Rotating artificial gravity: physiological constrains drive the CAB archetype toward
deployable tether schemes because of the effort to make the acrocaptured vehicles as compact as
possible. This makes the physical arrangement of the MTV systems difficult, given both a
requirement to maintain all habitable volumes (both the MTV habitat and the MEV crew cab and
surface module) contiguous during transfer, and the fact that the only rotation countermass
available on the return leg is the empty MTV TEI propulsion system.

4) Modular vehicle design, in an effort to maximize system commonality, to standardize
integration and operations protocols, and especially to accommodate the widely varying energy
(propulsive) requirements of opposition-class missions. In STCAEM, opposition missions were
designed to collect most of the energy difference in the TMI AV. This burden was more easily
accommodated by the TMIS, which became a highly modular vehicle system.

5) Robotic-mediated operations: facilitating machine access into the densely packaged systems
of the CAB vehicle , and designing provision for robotic EVA maintenance during the mission, is a
tough but essential requirement. We baselined an operations concept in which manipulator
systems could travel around the rims of the rigid aerobrake structures, both to assist in assembling
the vehicles at Earth and to service them en rouze.

A concept called the "Shuttle-Z 3rd Stage" was detailed in response to a Level Il trade.
This is a modular version of the TMIS, in which each section uses its engine twice (once for ETO
orbit insertion and again for the Mars departure burn). The fundamental problem with the scheme
is that, with engines located on each TMIS section instead of clustered in the center, mass-balanced

D615-10026-2
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engine-out on TMI is not possible without the addition of an extremely long (120 m) truss to
separate the TMIS from the payload mission vehicles.

A configuration trade analysis revealed that avoiding the need for Mars orbit rendezvous
upon arrival between a separate MEV and MTV by configuring one large, acrocaptured vehicle was
not practicable (either a very large aerobrake, or a reconfigurable cryogenic propulsion system,
appeared necessary).

An Earth-Mars cycler vehicle capable of providing periodic transfers between the two
planets is one potential mission mode addressed by our architecture assessment. Such a vehicle
could take a variety of forms, but for SEI-class missions, the basic function could be accomplished
with a variation on the CAB vehicle. For the conventional cycler profile, acrocapture energies for
the "taxi" craft needing to get into parking orbits at Mars are quite high. Re-usable vehicles for this
job would probably require heavy and/or complex thermal protection systems.

OTHER SYSTEMS:

Crvogenic All-Propulsive Mars Transfer Vehicle (CAP) - The CAP archetype is fundamentally a
variation of the CAB archetype, but is reported here as a separate archetype because its mission
philosophy is quite distinct. The CAP concept was developed in response to two drivers:

1 Exploration of alternative purposes for SEI Mars missions led, after the 90 Day Study, 10
more in-depth discussions of the merits of conjunction vs. opposition profiles. Initial
presumptions favored short total mission durations; this approach remained typical after the FY88
and FY89 OEXP study cycles, in which very short, compressed opposition or "split-sprint”
mission modes figured prominently. However, given the 30 - 60 d Mars staytime realistically
permitted by their astrodynamics, the ratio of usable surface time to total mission time for
opposition profiles is about 10 %. After the 90 Day Study, this was recognized more widely as a
relatively disappointing science return on a large engineering investment, exacerbated by the
possibility of extrinsic events (like Martian dust storms) precluding landing altogether. By
comparison, the same ratio for a typical conjunction mission is about 30 %. The top-level costs
associated with exploiting the greater opportunity to do in-depth science proffered by conjunction
missions are two: (1) the requirement for more elaborate surface payload manifests to support both
that science and the crews to conduct it for year-long stays; and (2) the greater risk to mission
completion incurred by having the crews and hardware spending almost 3 yr in deep space
instead of about 1.5 yr.
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The conjunction profile offers other benefits recognized much later. First, the opportunity
variation in mission energy requirements is much reduced for the conjunction case, so that mission
hardware can be more consistent from one opportunity to the next. This would minimize the actual
program upset resulting from a missed opportunity. Second, having of order 300d available at
Mars would permit more flexible mission design. For example, rather than spending the entire
staytime on the surface, the mission might carry multiple landers each destined for short visits to
widely separated surface sites (or crew rescue at a given site). And finally, although conjuncton
missions are roughly twice the length of opposition missions, the bulk of that difference can
consist of time spent on the surface of Mars, under the radiation shielding afforded by the martian
atmosphere. The actual in-space transfers are about equal in length outbound and inbound, and
their total is less than the total in-space transit time for typical opposition missions. Thus in
scenarios required to minimize astronaut exposure to in-space galactic cosmic radiation (GCR),
well-designed conjunction missions are of great interest. (Trip times can be shortened further still,
untl the so-called "conjunction fast transfer" mission energy requirements approach those for
opposition missions.)

Conjunction low-energy missions do not benefit from HEAB, so these missions need only
carry aerobrakes for entry and landing. Performing Mars capture with cryogenic chemical
propulsion leads to three fundamental distinctions between CAP and CAB concepts:

1) The MTV and MEV(s) are captured together, precluding the possibility of failure to
rendezvous and consequent scrub of landing attempts.

2) The Earth-departure (TMI) stage grows into a multi-staged propulsion stack, with TMIS,
deep-space burn (DSB) stage, and Mars arrival (MOC) stage. This changes the overall aspect ratio
of the all-up vehicle, making it longer, which has implications for attitude control and debris
shielding in LEO.

3) Relaxing the requirement for the MTV to be an aerobraked vehicle means that the systems
constrained in the CAB case to be packaged behind an aerobrake can be distributed differently.
Thus the Mars-departure (TEI) propulsion system can be combined with the MOC system and
placed at the opposite end of the vehicle from the MTYV habitation system and payload. This in turn
means that rotating artificial gravity can be accomplished as simply as for the NTR vehicle, by
configuring a long, lightweight truss between the propulsion end and the payload end, and
spinning this rigid assembly end-over-end. Tethered solutions are not required because acrobrake
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packaging is no longer a problem. This last set of CAP consequences departs from the CAB
concept sufficiently for their resolution to constitute a distinct vehicle archetype.

ARTIFICIAL GRAVITY (CAB) - The need for artificial gravity on long-duration
interplanetary transfers has not been established. Neither has the lack of such a need, however, so
STCAEM was obligated to examine the penalties incurred by requiring continuous artificial gravity
en route between Earth and Mars. Various approaches to rotating artificial gravity have been
proposed; STCAEM assessed all of them, and invented some new ones. The fundamental design
problems associated with artificial gravity derive from: (1) the need for a countermass for rotation;
and (2) the high mass cost of precessing the angular momentum vector of a system having large
rotational energy. Elegant solutions to both are elusive, and vary widely with propulsion option.
Secondary complications are communications and navigation pointng, flight structures sized to
hang heavy vehicles, and possibly material fatigue. The fundamental operations problems
associated with artificial gravity involve crew EVAs during rotation, robotic maintenance in the
vehicle's gravity field, crew physiological and psychological responses t0 a rotating environment,
performing minor course-correction propulsive maneuvers and testing the capability prior to
departure. Our work has verified that artificial gravity appears feasible for Mars-class missions,
for all propulsion options, at fairly modest mass penalties.

The CAB archetype involves more complexity. The MTV habitat must be
contiguous with the MEV crew modules, and yet for the return wip the (empty) MTV propulsion
system is the only available countermass to the MTV habitat. Thus the MTV hab and the MTV
propulsion system must be separated by a few hundred meters; however, the entire MTV must also
package behind an aerobrakefor capture at Mars. One solution we rejected for mass and
habitability reasons splits the wransfer habitat system in two halves, held when not aerobraking at
opposite ends of a deployable tunnel. A more sensible approach is to use tethers, configuring the
MTYV systems such that they are properly mass-balanced for propulsive burns and aerocapture, but
can slip apart as the tethers are unreeled for artificial gravity. The center of rotation provides a
convenient location for a despun power/navigation/commurﬁcations utility.

ARTIFICIAL GRAVITY (CAP) - .The CAP and NTR archetypes accommodate artificial
gravity easily. Both are high-thrust systems, O their burn times are extremely short (minutes to
hours) compared to coasting transfer time (months). Critical propulsion maneuvers can occur
during nonrotating periods of microgravity, at the cost only of spinup/spindown propellant. In
general, the propulsion system remaining through the end of the mission can serve as Countermass
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to the contiguously connected habitation systems. When separated by a lightweight truss, they can
just spin end-over-end during coast phases to provide sufficient gravity at a comfortable spin rate
with acceptable vestibular disturbance (we baselined 1 g to insure full conditioning for surface
activity upon arrival at Mars, and 4 rpm maximum spin rate, which together lead toa 56 m
separation between the hab and the center of mass). The additional mass of the truss and
propellant for a few budgeted spinup/spindown cycles is of order 10 % of IMLEO.
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Low-L/D Mars Excursion Vehicle (MEV) - The MEV archetype development began during, and
was resolved just following, the NASA 90 Day Swudy. It was originally conceived as a means of
delivering 25t of undefined payload to the surface of Mars. However, the specification of crew
cab provisions, the analysis of vehicle mass balance, and consequently the configuration design of
the vehicle all depend on specifics of the payload manifest. We assumed a 20t reference surface
module as an integral part of the MEV. This led to a "Mars campsite" design intended to support a
crew of four for 30 - 60 d and became or standard lander design. Chief departures from the
lunar campsite mode of operation were:

1) The MEV arrives with the crew already onboard, and so is capable of a really self-
contained mission.

2) The MEV also brings with it an ascent vehicle (MAV) with a separate propulsion system,
configured optimally for the ascent phase (or ascent after breakaway from the descent stage during
a descent abort). The crew cab for the MAYV is the operations bridge for the MEV during all its
mission phases.

3) The MEV is configured for packaging within an L/D =0.5 aerobrake. For CAB
missions, this brake captures the as-yet unmanned MEV into Mars orbit autonomously, before
rendezvous with the MTV, and is used again for the descent. For CAP and other types of
missions with propulsive Mars orbit capture, this brake is used only for descent. In all design
cases, terminal descent engines are extended through ports in the windward surface of the brake at
low Mach number, and the brake is jettisoned subsequently, prior to touchdown.

The MEV configuration was developed to permit later removal and relocation of the surface
habitat module, with the aid of surface construction equipment. A variant of the MEV, without
either surface module or MAV, was analyzed for delivery of heavy cargo on unmanned missions.
A quick assessment was made of the feasibility of re-using an MEV, presuming in situ production
of oxygen and retention of the aerobrake until touchdown. The outcome was positive, although:
(1) additional brake hatches appeared necessary for landing gear deployment, crew egress, and
cargo offloading; and (2) a lightweight top- shroud appeared advisable due to aerodynamic drag on
ascent, and to permit the crew bridge to prowrude beyond the presumed wake-protection limit for
direct surface viewing during terminal approach. Configuration options for a "split-stage” MEV,
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in which the same, or a portion of the same, propulsion system is used for ascent as for terminal
descent, were also investigated, and shown to be simple variations of the archetype.

Our baseline aerobrake assembly concept presumed robotic-mediated final assembly of pre-
finished, rigid aerobrake segments at Freedom. Packaging such segments efficiently by nesting
them in an ETO launch shroud is made challenging because of: (1) the acrobrake's asymmetrical,
deep-bowl shape, in which the maximum depth of a typical "slice" is comparable to reasonable
shroud diameters; and (2) the aerobrake's lip, required for both aerodynamic performance and
structural stiffening around the free brake edge. Subsequent manifesting analysis, in which
segments were configured according to an initial rib-and-spar structure concept, indicated that two
ETO flights would be required to launch a single acrobrake in several pieces. Such extremely
volume-limited and volume-inefficient manifesting is an unacceptably poor use of the expensively
developed capability that a heavy-lift ETO system represents.

In response to this manifesting problem, STCAEM proposed the "integral launch” concept,
in which a fully assembled, integrated aerobrake is launched externally, mounted on the side of the
launch vehicle exactly analogous to current STS operations. The low-L/D brake is comparable to
the STS orbiter in linear dimensions, and is light enough to launch two at once, with capacity to
spare for other, shrouded payload as well. Ascent performance of such a flight configuration
requires study; the critical question is whether ascent loads would size the aerobrake structure out
of the competitive mass range for the mission itself.

Our structural analysis indicates that since the deep bowl-shaped aerobrake loads like a
doubly-curved shell, it may be possible to construct an actual "aeroshell” without resorting to ribs
and spars or some other articulated skeletal structure system. The shell would be made of a
relatively thin honeycomb-type material system with integral TPS. However, lip buckling would
still require a stiff rim, probably facilitated by a closed-tube-section structure. Such a brake may be
lighter, and cenainly simpler, but the thickened rim would still cause packaging problems due to
nesting interference.
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High-L/D Reusable Mars Excursion Vehicle (RMEV) - The RMEV archetype development
occurred in response to three drivers:

) Analysis so far indicates that L/D = 0.5 is sufficient at Mars for controlling an aero-
vehicle at Mars. However, the existence of some mission design studies in the literature which
advocate L/D > 1.5 for Mars, combined with our preliminary understanding of controllability
under Mars conditions, make it important to know in detail how different the configuraton
constraints imposed by higher L/D would be from those imposed by the lower L/D (which by
1989 had come to be regarded generally as appropriate).

2) As the 90 Day Study stimulated thinking about what the purpose of SEI Mars surface
missions should be, concern developed that global, or at least wide, access to the surface of Mars
was potentially important. High-thrust Mars transfer propulsion systems (chemical or NTR) tend
to be mass-constrained by arrival and departure vector geometry to certain parking orbit conditions.
Although there is no lack of interesting (scientifically important) landing sites accessible from the
periapsis of any orbit at Mars, the fact that performance-optimized parking orbits are unique for
each high-thrust opportunity causes a site-access problem if returning to the same surface site is
required (for base buildup). Thus for high-thrust transfer propulsion options particularly, an
ability to achieve cross-range on lander entry may be important. High L/D enables greater Cross-
range capability.

3) Certain Mars lander issues not imposed as requirements during the 90 Day Study required
analysis and design validation. Developing a new MEV concept, substantally different from the
baseline MEV, allowed us to investigate those issues simultaneously and thoroughly. Specifically,
we addressed: (1) a deep aerobrake structure concept, of interest for maximum structural
efficiency and therefore reduced brake mass; (2) the ability to deliver large-envelope cargo
manifests, represented in our design by a long-duration surface habitat module sized for 10 crew;
and (3) re-usability of the MEV, based on in situ production of cryogenic propellant.

The vehicle shape represented by the RMEYV has applications for other interesting mission
modes, concepts for which have yet 1o be investigated in detail. Three examples are: (1) a smaller
RMEYV, sized commensurately with the MEV to be a modest cargo-delivery vehicle; (2) a direct-
landing MTV, whose return propellant would be manufactured in situ on Mars; and (3) re-usable
aerobraked "taxi" vehicles capable of performing the Earth-Mars cycler embark/debark function.
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Cryogenic/Aerobrake (CAB)
Reference Configuration

Introduction

The cryogenic/acrobrake (CAB) concept was used as the NASA 90-day
Study reference vehicle. It offers conceptual continuity with the mainstream Mars
transportation studies performed over the last several years. Its only major new
technology development is high energy acrobraking (HEAB) for planetary capture,
but the concept also requires a high-thrust cryogenic space engine. Being able to
land on Mars using the CAB concept requires a successful rendezvous between
separately captured vehicles in Mars orbit.

Nominal Mission Outline

+ The vehicle is assembled, checked out and boarded in LEO

o The TMI burn occurs and the TMIS is jettisoned

+« MTV/MEYV coasts to Mars

o MTV and MEV separate 50 days prior to Mars capture

+ The MEV acrocaptures robotically a day ahead of the MTV, providing last-
minute verification of atmospheric conditions and targeting

« The MTV captures, followed by rendezvous in the parking orbit with the MEV

« The landing crew transfers to the MEV and checks it out

« The MEV descends to the surface, jettisoning its acrobrake prior to landing

« After surface operations, the ascent vehicle (MAYV) leaves its descent stage and
surface payloads, ascends to orbit and docks with the MTV for crew transfer

o The MAYV is jettisoned in Mars orbit, and the TEI bum occurs

 The MTV coasts back to Earth

o The crew transfers to a modified ACRV (MCRY), jettisons the MTV and
performs a direct entry at Earth (optional: the entire MTV aerocaptures into a
LEO parking orbit for refurbishment and re-use)

PREGEDING PANE BLANK NOT FILMED
D615-10025-2

27



Vehicle Systems

The vehicle consists of three main elements: the Mars Excursion vehicle (MEV),
the Mars Transfer Vehicle (MTV) and the Trans-Mars Injection Stage (TMIS).

Mars Transfer Vehicie (MTV)

The MTV configuration shown consists of a transit habitat sized for
4 crew, an acrobrake, and a TEI propulsion system. The transit hab is located
centrally in the acrobrake with an external airlock and an MCRYV attached to the top
(in the configurations shown, an Apollo-style ECCV was used to represent the
MCRY). The airlock allows access to the MEV crew cab and surface habitat
during all phases of the transfer mission until the MEV separation 50 days prior
to Mars arrival. The MCRY is used for mission scenarios featuring direct-entry
crew return; these scenarios expend the entire MTV upon return to Earth. In a
reusable mode, the entirr MTV would be aerocaptured back at Earth for
refurbishment and re-use; a second airlock would be located in place of the
MCRYV. The acrobrake is of identical geometry and construction as the MEV
acrobrake, but is stronger and heavier due to its larger payload mass, and does not
require any engine doors. The propulsion system (TEI) is divided symmetrically
into two tank-stacks straddling the transit hab, like the MAV tankset configuration.
The propulsion system is oriented at an angle relative to the aerobrake axis, with
the two engines aimed out the rear of the acrobrake, to avoid TPS penetrations
while still permitting mass-balanced operation during the burn.

Trans-Mars Iniection S TMIS)

The TMIS consists of a core unit with four advanced space engines (ASE),
avionics and cryogenic propellant tanks, and provision for up to four “strap-oxi"
* propellant tanksets. This configuration allows propellant cross-feeding in the case
of engine-out, and modular accommodation of the entire stage’s performance
according to the mission opportunity requirements. Keeping the engines close
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together on the core stage allows tracking the CM during an engine-out condition
via gimballing. This strategy avoids either opposite-shutoff (leading to long bum

times and greater gravity losses), or a requircment for extra structure (a 125m

truss) between the propellant tanks and engines to allow CM tracking. The TMIS
accounts for about 75 % of the total IMLEO, a substantial per-mission resupply
cost.

MarsE ion Vehicle (MEV"

The reference MEYV is a manned lander that can transport a crew of 4 to the
surface. It consists of a surface-stay habitat module (roughly SSF-module size),
an airlock, 5t of surface-science payload, a cryogenic descent propulsion system
with four engines and bus structure, and the ascent vehicle (MAV). The MAV
consists of a short-duration crew cab, and cryogenic ascent propulsion system
with two engines. All propellant tanks are mass-balanced around their maneuver
CM:s 5o that no lateral CM shifting occurs. The entire MEV is packaged in a rigid,
truncated-hyperboloidal aerobrake with L/D = 0.5, to which it is attached at eight
points (four bus-frame corners and four landing-gear footpads). The acrobrake is
fitted with doors which open to allow the descent engines to extend and ignite prior
to acrobrake separation (allowing full benefit of the brake’s drag). The brake is
then jettisoned as the landing gear extend prior to terminal approach and hovering
touchdown.

Dominant configuration constraints for the MEV are as follows:

*Payload manifesting
«Surface access

«Crew visibility
«Contigurous crew volumes
«Short vehicle stack
«Engine-out capabilities
«On-orbit assembly

Payload manifesting is mainly a proximity and mass balance issue. The surface
habitat and airlock, which is the bulk (80%) of the payload, require access to the
ascent crew cab and the surface, as well as being mass balanced for proper flight.
The science payload requires surface access for ease of unloading. Docking is
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facilitated by placing the crew cab high in the vehicle stack. The flight deck
window is located to provide viewing to the surface for landing as well as to the
upper hatch for docking. Keeping crew volumes contiguous allows access during
flight for check-out procedures and simulation training. The vehicle stack is kept
as short as possible for acrobrake wake protection, which tends to conflict with
having the center of mass (CM) as high as possible, desirable for a small engine
gimbal-angle to provide minimal steering loss in an engine-out scenario. A high
CM within a short stack is accomplished by placing the dense ascent LOX high in
the configuration. Finally, although the dominant constraints for the MEV derive
from its performance at Mars, consideration has been given to its ETO launch. It
is configured to be launched in a few, large, pre-integrated systers for minimal
on-orbit assembly. For example, the ascent vehicle can be launched intact in a
10 m diameter shroud, while the descent structure can be launched in 2 sections
for fairly simple on-orbit assembly and integration.

PREGEDING PAGE BLANK NOT FILMED
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Lryo/ Aerobraking
3D CAD MODEL
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Options /Alternatives
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Options and Alternative Configurations

Alternative Landers

As an alternative to using the 0.5 L/D hyperboloid shaped aerobrake for a landing vehicle,
investigations were made using a high (1.0+) L/D lifting body aerobrake shape and a Bi-
conic shape. Both of these shapes extend the crossrange capability and are candidates fora
reusable Mars Excursion Vehicle (RMEV), the criteria for which is given on the next
pages. It appears that the high L/D aerobrake will be better suited for a reusable system,
with fewer specialized parts. The Bi-conic will impose some restrictions on cargo that high
L/D aerobrake will not, such as the delivery of a 10 crew habitat to the surface. In the case
of the Bi-conic the habitat would have to be either specially built to fit the available space or
the entire fleet of habitats would be scared to have this shape, at additional cost of
fabrication. Other constraints became evident, while the high L/D aerobrake has limited
visibility of the ground during landing operations, the Bi-conic has none.

Alternate Mission Vehicles

An all-propulsive cryogenic (chemical) vehicle was evaluated for near term conjunction
missions. Conjunction missions were chosen due to the significant increase in IMLEO to
mount an opposition mission using an all-propulsive vehicle (~ 1600 t IMLEOQ), while a
conjunction mission would be in the range of the cryo/aerobrake mission under
consideradon (625-720t IMLEO). The advantage of the all-propulsive vehicle is that it has a
short development time and can be ready early. The disadvantages are the limitation to the
conjunction-class missions (long stay times at MARS, total trip time is long) and only the
ECCYV is recoverable, all other sections of the vehicle are expended in operations.

PREGEDING PAGE BLANK NOT MLMED
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Reference Matrix to Alternative Architectures

In considering a complex task, it is useful to organize it into a heirarchy of levels. The
higher levels are more important or more encompassings. while the lower levels include
more detail or are more specific. Constraints (e.g.. requirements and schedules) flow
down from the higher levels and solutions or implementations build up from the lower
levels. The first figure shows a heirarchy of six ievels from national goals to performing
subsystems. The following section discusses the fourth level. exploration architectures. in
terms of the lower levels: element concepts and performing subsysters. Selecton of
preferred architectures will require the Government (the Natonal Space Council. the
President, and the Congress) to first define the top three levels.

Implementation Architectures

Seven architectures have been selected for examination: four different propulsion types
(Cryogenic/Aerobrake, NEP, SEP, and NTR): two variations of In-Situ Resource
Utilization (ISRU) for propellants with Cryogenic/Aerobrake propulsion (Lagrange point 2
refueling and Mars surface refueling); and a cvcling spacecraft concept. Three basic levels
of program scope are identified: small, moderate, and ambitious.

Multiple options can be generated within the basic architectures, varying launch vehicle
capacity, orbital node type, and mission profile and propulsion type for the various Lunar
and Mars vehicles.

Aerobraking is found to be applicable to all seven architectures, placing it as a ‘critical
technology. Electric propulsion leads to the lowest reference vehicle mass, and also almost
the lowest resupply mass. ISRU/Cryo leads to the lowest estimated resupply mass since
most of the propeliant is derived locally rather than coming from Earth.

Cost Models

Cost estimation is being performed using "parametric” methods. This technique uses a
parameter, usually weight, as an input to empirically derived equations that relate the
parameter to cost. It should be recognized that the source data for the cost models is past
program experience, while the hardware being estimated will be built one or two decades
from now. Therefore these cost estimates should be assumed to have a standard deviation
on the order of +100%. Hardware at technology readiness level 5 may be assumed to
have a standard deviation in cost estimate of +-30%. No revenues from sale of products,
services, or rights (i.e. patent rights, data rights), or commercial investment, are assumed
in the cost estimates. These might appear in a scenario such as the Energy Enterprise.

Aa an example, the cost estimate for a NEP architecture shows an average annual funding
level of $8 billion per year after initial ramp-up.

The principal cost drivers identified include number of development projects, reuseability,
mass in Earth orbit, and mission/operational flexibility.

Analysis Methods

Individual rade studies are performed within each architecture to optimize it against
evaluation criteria. The principal evaluation criteria to date has been initial mass in low
Earth orbit, as a proxy for cost. The results of this optimization will then be compared to
each other in groups. The early Mars group will compare all-propulsive, aerobraking,
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direct rravel, and nuclear thermal among themselves. The electric propulsion group will
compare SEP and NEP. The innovative group will compare Lunar oxygen to cvclier orbits.
These concepts may both be retained if it is advantageous to do so. Finally, the choice
between early Mars and Late/Evolving Mars will need to be made on the basis of cost. risk.
and performance, while combining the best features from each group.
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Reference and Alternate Missions

Note: Contains material formerly in Mission Analysis
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Mission Analysis

A reference mission profile for Mars transfer was provided by MSFC, called the Level II
reference case (year 2015 opposition opportunity). We investigated this profile for other
opportunities in other years and did not limit ourselves to opposition mission only. An
alternative mission profile is to use a direct transfer to Mars, refueling on the Martian
surface, and direct return to Earth orbit (Mars Surface Rendezvous). A third alternadve is to
use the Earth-Moon Lagrange point two (L2) as a departure and return node.

The reference mission profile for the year 2015 depart on May 22nd of that year and has a
30 day stay time at Mars. The total mission duration is 565 days. A 2016 profile has a
shorter overall time, 434 days, but adds about one kilometer/sec to the departure velocity
change (AV) relative to the 2015 mission. The stay time at Mars is held to 30 days.
Mission opportunities from 2010 to 2024 are tabulated. A plot of departure date versus
outbound trip time for the 2013 opportunity with a 400 day stay is typical, showing a
single optimum combination that minimizes mission AV. The other orbital characteristics
than epoch of departure have some effect on mission velocity requirements such as capture
and departure S-vector positions, GN&C maneuvers, etc. They have been investigated in
as great a detail as the depth and length of the contract allows.

Optimum departure vectors indicate that the ability of the engines to be capable of multiple
burns and therefore do broken plane trajectories to the declination launch asymptote will be
a requirement. Arrival conditions at Mars for capture orbit parameters such as periapses
location and lighting (capture and land in light), impacts of true anomaly and parking orbit
period on the relative position of the S- vector (departure vector) for abort and departure
capability and into the characteristics of the aerobrake itself for GN&C, landing and

crossrange capability.

In the reference mission, the excursion vehicle and transfer vehicle separately capture into
Mars orbit. To allow a one day spacing between the captures, a velocity difference must be
generated between them. To keep this AV low (under 100 m/s), the separation should
occur about 50 days before Mars arrival.

Guidance, navigation, and control analyses can be done at different levels of detail from
closed form approximations to full 6-degree of freedom simulations. To date 3 degree of
freedom analyses with variable atmosphere has allowed assessment of the errors induced
by a variable atmosphere. Guidance laws are being investigated.

Aeroheating analyses were performed on the medium (L/D=0.5) and higher (L/D=1.1) lift
brake concepts. With a fixed exit velocity target, flying inverted (negative L/D) extends the
time for the maneuver. This is because the maneuver is from a hyperbolic velocity. A zero
lift trajectory would rise quickly back out of the atmosphere. Negative lift 'holds down'’
the vehicle, extending the time for the acromaneuver, thus lowering the heating rate. The
heat rate itself varies widely depending on the analysis method. This is an area that
requires more detailed investigation in the future. Either method leads to peak temperatures
at the stagnation point in excess of 2000K for hyperbolic excess energies (C3) of over 30
km?2/sec2. Aeodynamic loads were estimated over the brake surface, and two structural
concepts were examined. The first was a spar framework, the second was a tuss

framework.
A summary of this work is given below:
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This summary addresses the acrobrake analyses categorized as geometric configuration for
capture and landing, Mars atmosphere knowledge uncertainty impacts on GN&C, design
configurations for reducing heating rates and loads, landing flight mechanics for range and
crossrange requirements, structural techniques for reducing weight, and integraton of
technology to meet overall mission goals. The aforementioned categonies will be covered
in four sections: Aerocapture, Heating, Structure, and Ascent/Descent.

Aerocapture - Critical GN&C related aerocapture issues are line-of-apside control and
apoapsis altitude control. Aerocapture analyses results included in this summary show the
following:

* Asymmetric roll with a finite rate provides improved line of apsides control.

*A guidance system designed for a low density atmosphere needs to be optimized
for other atmospheric conditions.

* Using MarsGram, a one sigma density change results in a large difference in
density variation between day and night.

* The guidance system (as related to acrocapture exit conditions) is more effected
by large (wavelength > 1000 km) horizontal sine wave density variations.

* A larger vertical wavelength (on the order of 20 km) sine wave density induces a
lesser error than a smaller vertical wavelength (on the order of 5 km) sine wave

density.

Heating - Mars aerocapture heating analyses results are given for stagnation point heating

and for some choices of surface heating. Heating analyses results included in this
summary indicate the following:

* For the Mars acrocapture MTV, the stagnation point heating rate resulting from
averaged lift-down L/D is lower than the heating rate for average lift-up L/D.

* Under similar conditions, the heating loads follow the same trend as the
stagnation point heating rate.

* Along the center streamline of the hyperboloid acrobrake the predicted radiative
heat transfer rate at Mars using the Park method is approximately two times that
using the Tauber-Sutton method.

* The total heating rates at the stagnation point with Park(146 w/sq cm) and Tauber-

Sutton (80 w/sq cm) are higher than the near term (1993) radiative material
capabilities of approximately 70 w/sq cm.

* For an averaged L/D = 0.5 the stagnation point heating rate for Mars aerocapture
is 146 w/sq cm; Earth acrocapture heating rate is 172 w/sq cm.

* The local Reynolds number along the aft streamline of the 30m body does not
exceed 10E6.

Structures - Structural analyses results demonstrate weight savings and strength

improvements through advanced composites application and through spar design
advantages. Included structural analyses results depict the following:
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*Spar and truss configurations were developed for the 30 meter aerobrake concept.

* For the spar configuration and with current technology, the (81 mt payload)
weight estimate is 41.5 klb and the MTV (153 mt payload) estimate is 66.3 kib.

* Improved material characteristics (200 ksi vs 105 ksi span stren gth) reduces
configuration weight by greater than 15%.

* Mass savings of 30% may be achieved by improved spar design and advanced
materials characteristics.

* The truss configuration provides a 15% weight savings
compared to the spar configuration.

Ascent/Descent - No ascent related information is discussed in this version of the
IP&ED:; a forthcoming update will contain a discussion of ascent related data.

Descent trajectory analyses results point to L/D requirements related to landing site

accessibility issues. Included descent trajectory results include the following:

* For MEV with L/D = 1 and descent inclination of 45 degrees, a displacement in
latitude of 30 degrees may be achieved.

* An increase in L/D from 0.5 to 1.0+ extends the range by approximately 50%.

* An aeroflare reduces the ideal delta velocity required for landing by 200 to 300
mysec (L/D = 1).

* Cross range is a function of L/D with atmospheric density and dust concentrations
affecting the results

Issues with large aerobrakes such as these center around on-orbit assembly and inspecton,
functions which consume many man-hours for the Space Shuttle on the ground. The
Shuttle has the only reusable aerobrake with repetitive use and accessible data. Another
issue is selection of the landing site. If the landing site requires an extensive plane change,
the L/D is higher, which ripples through the packaging of the lander and the weight of the
lander back to Earth launch requirements. On the other hand, using an arrival orbit tailored
to the landing site also has an impact on propulsion requirements, thence to Earth launch
mass. Thus selection of a landing site is required early since it affects the whole designina
complex way. Some candidate sites are listed. Either a reference site or a requirement to
meet a range of sites up to some level of difficulty (for example any site less than +5km
altitude and <70 degrees latitude) needs to be given as an input requirement for further

analyses.
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Reference Cryogenics/Aerobrake (Cryo/Aerobrake) - System Requirements

During the course of the Space Transfer Concepts and Analysis for Exploration Missions
contract (STCAEM), Boeing's Advanced Civil Space Systems group (ACSS) has
conducted regular review meetings in order to define and derive requirements, conditions
and assumptions for systems currently being developed.

As system definition and development progresses, technical experts provide documentation
and rationale for requirements that have been derived. This real-time capturing prevents
requirements and their associated rationale from being lost or neglected. For example, a
vehicle configurator may see the need for providing a minimum passage dimension for
vehicle egress or ingress. This requirement would then be captured at an early
development stage and would provide a history for the decision. This seemingly simpie

requirement may have large impacts on the design down the road and its traceability is
important.
Derived requirements and rationale are later transfered t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>